Introduction: High-tech simulators are gaining popularity in surgical training programs because of their potential for improving clinical outcomes. However, most simulators are static in nature and only represent a single anatomical patient configuration. The Dynamic Haptic Robotic Training (DHRT) system was developed to simulate these diverse patient anatomies during Central Venous Catheterization (CVC) training. This article explores the use of the DHRT system to evaluate objective metrics for CVC insertion by comparing the performance of experts and novices. Methods: Eleven expert surgeons and 13 first-year surgical residents (novices) performed multiple needle insertion trials on the DHRT system. Differences between expert and novice performance on the following five metrics were assessed using a multivariate analysis of variance: path length, standard deviation of deviations (SDoD), average velocity, distance to the center of the vessel, and time to complete (TtC) the needle insertion. A regression analysis was performed to identify if expertise could be predicted using these metrics. Then, a curve fit was conducted to identify whether learning curves were present for experts or novices on any of these five metrics. Results: Time to complete the insertion and SDoD of the needle tip from an ideal path were significantly different between experts and novices. Learning curves were not present for experts but indicated a significant decrease in path length and TtC for novices. Conclusions: The DHRT system was able to identify significant differences in TtC and SDoD between experts and novices during CVC needle insertion procedures. In addition, novices were shown to improve their skills through DHRT training.
Inrecentyears,surgi cal education has transformed from a "see one, do one, teach one" philosophy 1 to the widespread integration of patient simulators because of their low-stress, no-risk training method 2,3 compared with learning on real patients. 4 These simulators allow surgical skill development through deliberate practice, feedback, and repetition without consequence [2] [3] [4] [5] [6] [7] and help reduce complication rates when transferring skills to real patients. 8 However, current training evaluation metrics are typically subjective in nature, typically requiring a supervisor to observe the skills and fill out a binary yes/no checklist 9, 10 to indicate whether each step of a procedure was completed. This type of feedback may be useful for determining whether trainees know the appropriate steps in a full procedure, but it may not be effective for evaluating incremental improvements in needle insertion skills 11 nor be detailed enough to efficiently support the development of expertise. 7 One such method for operationalizing expertise is through motion analysis of hand movements, which has been validated as a means of distinguishing experts from novices in surgical procedures. 12, 13 The Dynamic Haptic Robotic Trainer (DHRT) for central venous catheter (CVC) placement was developed to simulate variations in patient anatomy using both visual and tactile feedback (Fig. 1) . Specifically, the DHRT system presents a patient profile, simulated ultrasound imagery (Fig. 2) , and simulated force feedback for the needle insertion (see Pepley et al 14 for details). A personalized learning system provides automated feedback on performance after each needle placement including the proximity of the needle tip to the center of the vessel, number of insertions, success of insertion attempt, angle of insertion, and any errors that occurred (eg, arterial puncture) (see discussion in Yovanoff et al 15 ). Studies have shown that including scenario variations that increase in difficulty when training motor skills increases skill transferability, skill retention, and self-efficacy. 16, 17 Previous survey-based research on the DHRT system that compared it with traditional static simulators found it to be more effective in training medical students to modify their CVC needle insertion techniques based on patient anatomy. 18 However, to compare surgical and clinical improvement gains in the DHRT system, further validation is needed to evaluate suitable metrics for skill gains.
Though not yet widely applied to central venous catheterization training, there has been some development of tools for using motion tracking to quantify performance such as the Imperial College Surgical Assessment Device. 19 Howells et al 20 found that experts had a significantly shorter path length (PL) than novices, Kim et al 21 looked at motion analysis specifically in CVC placement, and Varas et al 22 validated motion tracking as means of assessing movement in manikin-simulated CVC placement. Another study validated the use of electromagnetic motion tracking to distinguish between expert and novice performance by looking at PL, translational movement, and rotational movement of the needle hand as well as movement of the ultrasound hand, 23 finding that experts had significantly less movement in standard manikins. While research across multiple fields has found that the overall surgical movements are less for novices, research has also indicated that experts may have a wider path of movement and more controlled rapid motions. 24 However, this type of analysis has yet to be applied and evaluated for CVC placement in the DHRT system, and thus, it is not known whether or not this type of motion analysis can distinguish expert and novice performance on haptic simulators that present various patient anatomies.
The purpose of the current study was to evaluate objective metrics for CVC needle insertion skills on the DHRT by comparing the performance of experts and novices. Specifically, the study was designed to understand the following: (1) if the experience level or patient profile (anatomical variation) has an effect on individual performance during CVC insertion in the DHRT system; (2) if expertise is related to different levels of performance on the DHRT system; and (3) if novice performance of CVC on the DHRT improves with practice. The results from this study could be used to support the development and use of simulators in medical education as well as provide objective measures of CVC needle insertion performance.
METHOD
The study presented here represents a subset of a larger study that was conducted in summer and fall 2017 to compare the effectiveness of the DHRT system and current manikin simulators. 18 Only the purposes, procedures, methods, and participant information that are relevant to the current investigation are described here. Specifically, an experimental study was conducted with 13 first-year surgical residents (novices) and 11 attendings and fellows (experts) according to an institutional review board-approved protocol. The surgical residents (novices) had no previous experience with central line placement and were recruited from Penn State Hershey Medical Center (HMC). In all, there were 10 male and three female novices who participated in this study as part of their surgical boot camp training.
At the start of the study, the purposes and procedures were explained to the participants and informed consent was obtained. Next, the study proceeded with either the novice or expert participants. For the novice group, a fourth-year surgical resident with expertise in the area gave a demonstration of central line placement using a Blue Phantom Gen II Ultrasound Central Line Training Model (Model #BPH660) manikin. The training included how to (1) use an ultrasound, (2) identify and distinguish between the artery and vein, (3) use anatomical landmarks as guidance for line placement, (4) insert a needle, (5) identify needle location based on ultrasound feedback, and (6) confirm needle placement using flashback (blood) to indicate insertion into vein. For the DHRT system, this "flashback" was present as a flash of red (artery) or blue (vein) at the top of the ultrasound screen. This was done to mimic the feedback given in the Blue Phantom trainer, which contains blue and red liquid prefilled in the vein and artery, respectively. The fourth-year resident who provided the CVC training had conducted numerous CVC training sessions at HMC before the study.
Next, each novice participant was individually given a pretest where they were asked to insert a needle for central line placement into the same Blue Phantom Gen II Ultrasound Central Line Training Model (Model #BPH660) used for the demonstration while using the think-aloud procedure, 25 which is a standard method in clinical training (see discussion in Meterissian's work 26 ). During this insertion, participants were observed and evaluated by the same fourth-year surgical resident using a modified Internal Jugular Catheterization evaluation form. To establish a baseline performance level, participants were not provided feedback during the pretest. However, they were informed if they successfully placed the needle and what errors occurred after the insertion was complete. Next, participants were randomly assigned to one of the two training conditions: robotic training where participants (n = 13) performed all of their training (22 needle insertions on 17 distinct patient scenarios) on the DHRT and manikin training where participants (n = 13) performed all of their training (22 needle insertions) on the Blue Phantom Gen II Ultrasound Central Line Training Model (Model #BPH660). The 22 needle insertions were conducted for three separate training sessions approximately 1 week apart, where participants placed 2, 10, and 10 needle insertions during the three training sessions, respectively. A baseline profile was used for the first and last needle insertion during each of the three robotic training sessions. This baseline scenario was used in a previous study that showed that the robotic-trained novices in the 2016 residency cohort showed significant improvement in performance between the first and last needle insertion, which were both the baseline. 27 The manikin training condition was used in a larger study to compare the effectiveness of the DHRT system and current manikin simulators 18 and thus will not be considered for this study. In addition, the current investigation only considers performance on the first set of 10 needle insertions on the DHRT system to compare novices and expert surgeons.
Before completing any needle insertions for training, each robotic training participant was given a demonstration and a brief explanation on how the DHRT system worked. They were then allowed to complete two practice trials on the device and ask any questions about the system that they had. On the following day, each novice participant was given 10 successive patient profiles developed by the research team (including a vascular surgeon), which accounted for anatomical variations in patient vessel depth, size and spacing, tissue density, and skin thickness. Each of these profiles was anatomically represented by the DHRT to provide different force profiles and visual images based on previous literature [28] [29] [30] (see sample "ultrasound" images in Fig. 2) . Specifically, the vessel depth, diameter, and spatial closeness to each other varied for each profile. In addition, the force profiles of the skin, tissue, and vessel walls varied to accurately represent each profile. See Appendix 1 for a full list and description of the patient profiles analyzed for this study.
For each of the 10 trials, the participant attempted to place the DHRT "needle" in the center of the vein. After the participant successfully entered the vein or accidently hit the artery, a visual feedback screen generated by the personalized learning system showed their objective performance (eg, the final needle position, average insertion angle, number of attempts, and distance from center of vein). 15 This process was repeated until all 10 trials were completed. This training session took approximately 20 minutes. Though not the focus of the current study, a posttest was also conducted after all training sessions were complete using the same procedure as the pretest.
A second round of data collection was also conducted with 11 expert surgeons recruited from HMC according to institutional review board protocols with eight males and three females. All expert participants had placed more than 50 central lines in their careers, a procedural quantity that has been used to denote expertise in previous research. 31 The experts performed a similar procedure to the novices with a few minor modifications. Like the novices, at the start of the study, the purposes and procedures were explained to the participants and informed consent was obtained. Next, each expert was individually given a demonstration and a brief explanation on how the DHRT system worked. Then, they completed up to two practice trials on the device, similar to the novice training, and any questions about the system were addressed. Finally, experts completed each of the 10 trials presented to the novices in the same order. The experts were not given pretest or posttest.
To evaluate CVC needle insertion skills during each trial, the following metrics were computed on the DHRT system based on the position and movement of the needle tip during each trial: time to complete (TtC) each trial, average velocity (AV) of the needle tip, distance of the final needle tip position to the center of the vein (DtCV), needle tip PL, and standard deviation of the deviations (SDoD) of the needle tip. The needle tip position was sampled at a rate of 200 Hz. Specifically, TtC was calculated from when the participant picked up the ultrasound probe and began to scan the surface for vessels until they were satisfied with the final needle placement and set down the ultrasound probe to end the trial. Average velocity was defined as the AV of the needle tip when it was below the skin surface. This was calculated based on time required to travel the distance between each set of points recorded by the DHRT system and divided by that distance. Distance to the center of the vessel was calculated as the radial distance from the tip of the needle at its final position to the center of the vein.
In addition to these measures, the PL was calculated as a summation of needle tip movement in the X, Y, and Z coordinate system based on the points recorded by the DHRT system using the Euclidean distance formula, shown hereinafter, where the distance between point p and q in each dimension is summed.
the "surface of the skin" because movement above that range was typically unrelated to the insertion procedure (eg, picking up the syringe from its holster). See Figure 3 for a sample of a three-dimensional plot of PL for both an expert and a novice. Finally, to examine the deviation from an ideal path for a given vessel depth and average angle, an ideal path was found and the SDoD away from that path was calculated. The ideal path was defined as the path the tip of the needle would travel if moving in a perfectly straight line from the point of entry at the skin surface to the final resting point in the vessel. Ideal path was calculated based on the vessel depth and the average angle of insertion (Fig. 4) . In the first image, the PL is shown as an equivalent to the hypotenuse of a triangle, where θ is the average angle of insertion and the height of the triangle, H, is the vertical distance between the surface of the skin and the vertical depth of the final position of the tip of the needle. An ideal PL, or hypotenuse, can be derived using trigonometry (Fig. 4) . The SDoD was calculated as the SDoDs away from the ideal PL. For each point on the actual PL, the deviation, or distance from the ideal path, was calculated and the standard deviation of these deviations was calculated. This value distinguishes between many small deviations and a few large deviations, as shown in Figure 4 .
These metrics were analyzed using Statistical Package for the Social Sciences software, Version 25 (SPSS, Chicago, IL) with significance considered at a P value of 0.05. A multivariate analysis of variance (MANOVA) was used to determine whether there was an interaction effect between experience level and patient profile and to determine whether either experience or anatomical configurations had an effect on performance using two independent variables (experience level and profile number) and five dependent variables (PL, SDoD, DtCV, AV, and TtC). In addition, a regression analysis was used to identify which of the five metrics distinguished expert and novice performance.
Curve estimates were used to determine whether novices or experts improved their CVC insertion performance through the use of the DHRT system using the four significant factors from the regression analysis. Linear, logarithmic, and power curves were fit to each data set and separately analyzed for novices and experts to determine significance. Specifically, a curvefit estimation was performed to determine whether there was a statistically significant change in performance over time by plotting the four metrics (PL, AV, SDoD, and TtC) separately for novices and experts against the order in which each profile was presented (see Fig. 5 , for example plot).
RESULTS
The mean and standard deviations of the 13 novices and 11 experts for the five computed performance metrics during the DHRT trials are presented in Table 1 . An outlier analysis was conducted before any data analysis. During this assumption check, six outliers were identified from the 240-trial sample because of having standardized values (Z-scores) greater than 4 standard deviations higher than the mean for any metric. Because of this, the analyses were conducted both with and without the outliers to identify their influence on the results. The outliers were found to have no significant impact on the significance of the results, and therefore, the full analysis (with outliers) is presented here.
The MANOVA results revealed that experience had a significant main effect on the combined dependent variables F(5, 234) = 8.452, P < 0.0005, Wilks' Λ = 0.847, partial η 2 = 0.153, observed power of 1.000. There was a statistically significant main effect of expertise for TtC, F(1, 238) = 13.467, P < 0.0005, partial η 2 = 0.054, observed power of 0.955. Experts (31.63 s ± 14.06) performed the 10 trials significantly faster than novices (38.16 s ± 13.46) (see Table 1 for means and standard deviations. In addition, there was also a statistically significant main effect of expertise for standard deviation of deviations (SDoD), F(1, 238) = 10.372, P < 0.001, partial η 2 = 0.042, observed power of 0.894. Experts (0.777 cm ± 0.847) displayed a significantly higher SDoD than novices (0.404 cm ± 0.930) throughout the 10 trials. All other variables were not statistically significant for expertise (P > 0.40). There was also no interaction effect between experience and patient profile on the combined dependent variables, F(45, 969) = 0.742, P < 0.896, Wilks' Λ = 0.859, partial η 2 = 0.030, observed power of 0.799. Assumptions were checked before using the MANOVA, which revealed that the variables did not have evidence of multicollinearity (tolerance >0.3 and variance inflation factor < 3.2), which occurs when two or more independent variables are highly correlated.
In addition to the MANOVA, a logistic regression model was developed to determine whether the computed metrics from the DHRT system could predict the expertise of the user.
Before conducting this, assumptions of the logistic regression were checked; all but one independent variable, distance to the center of the vessel (DtCV), were found to be linearly related to the logit of the dependent variable according to the Box-Tidwell (1962) procedure, with a modified significance of 0.0045. Distance of the final needle tip position to the center of the vein was thus excluded from the regression model. The regression analysis with the four remaining variables was found to be statistically significant, χ 2 (4) = 43.097, P < 0.0005 (see Table 2 for regression values). The model explained 22.0% (Nagelkerke R 2 ) of the variance and correctly classified 72.5% of the trials. Specifically, the model showed that expertise could be predicted by TtC (P < 0.0005), the SDoD (P < 0.018), PL (P < 0.0005), and AV (P < 0.008). This model showed that although there was no single variable that predicted expertise, these four variables moderately predicted expertise on the system. Next, curve estimates were used to determine whether there were learning curves present for the five metrics across expertise level (see Fig. 5 for sample comparison). There were no significant findings for the experts. This indicates that there was no learning of CVC skills for experts on the DHRT system, as was expected. However, for novices, all three models (linear, logarithmic, and power) were significant for PL and TtC with negligible difference between the variance explained. We report the statistics for the significant linear models here: there was a weak negative relationship for PL, B = −0.985, F(1,128) = 9.626, P < 0.002, R 2 = 0.070; and a weak negative relationship for TtC, B = −1.171, F(1, 128) = 8.595, P < 0.004, R 2 = 0.063 (Table 3 ). These results show that novices decreased both their needle insertion PL and TtC when using the DHRT system during the 10 trials.
DISCUSSION
The results of this study indicate that there was no learning curve for experts for any of the four measures tested. Novices, FIGURE 5 . Linear fit that demonstrates a decrease in PL for novices throughout the 10 trials. Experts show no learning curve as they are already proficient at this skill. however, displayed significant decreases in two of the measures throughout the 10 trials: PL (P < 0.002) and TtC (P < 0.004). This is promising because the goal of the DHRT system, and the feedback provided, is to standardize training and CVC insertion techniques to make the trainees as efficient in the procedure as possible, thereby reducing the likelihood of errors. This decrease also shows that residents are learning with the system. These findings support previous survey-based research that found the DHRT system to be an effective method of training medical students 18 and that the DHRT system can improve novice needle insertion performance.
14 In addition, this type of system could also be extended to not only novice learners but also as a periodic refresher course for medical personnel.
The results of the learning curve seem intuitive: as residents begin to learn the procedure, they become faster and take a more efficient route between the needle's entry point into the skin and its end point inside the vessel. Our results showed, however, that while experts had similar PLs to novices, they had significantly larger SDoD than novices. This finding stands in contrast to previous work, which suggested that experts typically have significantly shorter needle PL and fewer needle movements during CVC insertions. 20, 21 This previous work looked at the movement of the entire hand over the course of the procedure on a manikin rather than the movement of the needle inside the "tissue." One potential cause of the larger SDoD in expert motion is that they may be deploying a different needle insertion technique; instead of following a straight path from the needle's entry point into the skin to the final position within the vessel, several of the experts seemed to have used a very specific and calculated method for inserting central line needles. For example, one frequently observed technique showed experts periodically retracting the needle, angling it slightly, and reinserting to locate the needle tip on the ultrasound screen, thus resulting in the larger SDoD (Fig. 3) .
The nonintuitive finding of larger movement beneath the skin is significant because it contradicts what we would have expected. One interpretation of this unexpected motion pattern is that some experts displayed a more advanced needle visualization technique that modifies the needle path to account for shadowing, reflections, and other common obstructions in the ultrasound image. 32 Thus, through the manipulation of the needle (and the increase in SDoD), they are able to better visualize the needle on the ultrasound screen. An alternative explanation for the larger SDoD among experts is that several experts were trained without ultrasound guidance and learned the skill afterward; thus, their needle path movements were developed without the focused visual guidance of ultrasound imagery. Ultrasound visualization is an important skill in this needle insertion procedure and may have a separate learning curve associated with it. 33 Thus, the greater SDoD may be accounting for an expert user's routine method of manipulating the needle toward an end target (vessel) and also their ability to properly visualize the needle on the ultrasound screen.
While the current study focused on the immediate training effects of the DHRT system on novice learning gains and not on clinical outcomes, a follow-up investigation is currently ongoing in the surgical suite aimed at examining skill transfer and comparing the long-term effects of CVC training (including the DHRT) on errors in CVC insertion procedures. This is an important area of future work as prior research has shown that even the most realistic models only temporarily improve CVC procedural skills 34 and this skill acquisition declines over time. 34 
LIMITATIONS
Although the findings here provide evidence on the utility of collecting objective metrics for identifying needle insertion skill gains and the usefulness of the DHRT system for CVC skill acquisitions, there were some limitations. The study was limited by the number of practice attempts completed and did not look at the optimal number of trials needed to reach expert performance or plateaus in the learning curve. Thus, future work should be directed not only at optimizing the design and development of CVC high-tech simulators and needle insertion training but also at the learning programs that surround their development. In addition, because this is the first study of its kind to explore objective metrics for central line training, future work is needed to validate and extend these initial metrics. Although some experts unexpectedly displayed a larger SDoD in this study, they were not explicitly asked whether they were adjusting their needles based on ultrasound imagery or based on haptic and tactile cues. Further work could explore a larger variety of experts based on their CVC training history. Finally, it is important to note that the DHRT system was developed to improve CVC needle insertion performance rather than procedural skills (eg, sterilization). Future work should explore how the integration of the simulator into a comprehensive CVC curriculum impacts surgical outcomes.
CONCLUSIONS
Our work examined differences between expert and novice performance on 5 metrics: PL of needle tip below the skin, total TtC, SDoDs of the needle tip, final DtCV, and AV of the needle tip. Our results show that experts and novices displayed significantly different TtC (P < 0.0005) and SDoD (P < 0.001). The analysis also showed that novices displayed learning gains in two areas: TtC (P < 0.004) and PL (P < 0.002). All other measures and experts were not significant at the 0.05 level.
